Abstract The mitochondrial DNA (mtDNA)
Introduction
Leigh syndrome (LS) (MIM 256000) is a progressive neurodegenerative disorder characterized by bilaterally symmetrical lesions in the brainstem and/or basal ganglia in infancy and childhood (Leigh 1951; Pincus 1972; van Erven et al. 1987) . LS is associated with defects in mitochondrial energy production. Though the protein subunits of the mitochondrial respiratory chain enzymes are predominantly encoded by nuclear genes, some mitochondrial DNA (mtDNA) mutations are pathogenic in LS, mainly T fi G or T fi C point mutations occurring at nucleotide position (np) 8993 (8993 mutation) (Tatuch et al. 1992; Santorelli et al. 1993; de Vries et al. 1993) and T fi C or T fi G at np9176 (Thyagarajan et al. 1995; Campos et al. 1997; Makino et al. 1998) . Rare mtDNA mutations such as A3243G, A8344G, and C11777A have also been reported (Koga et al. 2000; Berkovic et al. 1991; Komaki et al. 2003) .
The mtDNA G13513A mutation was first reported in patients with MELAS (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes) by Santorelli et al. (1997) . This G13513A mutation was discovered to be a more frequent cause of MELAS than previously recognized (Pulkes et al. 1999; PenissonBesnier et al. 2000; Corona et al. 2001) . Moreover, the G13513A mutation was also seen in Leigh-like syndrome (Chol et al. 2003) .
In this study, we screened 84 Japanese patients with LS for this mutation and detected it in six of them. We report on the LS patients with the G13513A mutation and discuss their phenotypes. acteristic features on neuroimaging (i.e., hyperintense lesions on T2-weighted MRI or hypointense lesions on CT scans in the bilateral brainstem and/or basal ganglia). One hundred Japanese patients fulfilled these criteria, but 16 were excluded because of stroke-like episodes and the presence of ragged red fibers (RRF) or strongly succinate dehydrogenase-reactive blood vessels (SSV) in their muscles (Hasegawa et al. 1991) .
Muscle samples were obtained by open biopsy. The samples were divided into three portions for histochemical, biochemical, and mtDNA analyses. Serial frozen sections were stained with various histochemical methods, including Gomori trichrome and cytochrome c oxidase (COX). Respiratory chain enzyme activities in skeletal muscles were assayed by slight modification of the published methods (Koga et al. 1988) .
Total DNA was extracted from muscle biopsies and/or blood samples by conventional methods. We first screened deletions and well-known point mutations in mtDNA at np3243, 8344, 8993, and 9176 by the method previously described (Goto et al. 1990; Makino et al. 2000) . To detect a G fi A mutation at np13513, we amplified 170-bp fragments using oligonucleotide primers corresponding to np13369-13394 and np13514-13538 with a G-to-A mismatch at np13515 in 25 cycles of denaturation (94°C, 30 s), annealing (50°C, 30 s), and extension (72°C, 30 s). The products after digestion with MboI were electrophoresed on a 4% agarose gel and visualized with ethidium bromide under a UV transilluminator (Alpha Imager 2000; Alpha Innotech). The mismatch-containing primer introduced a restriction site for MboI only in the wild type mtDNA, which was cleaved into two fragments of 144 and 26 bp (Fig. 1) . The amount of digested versus undigested DNA fragments were measured with a densitometer. To correctly determine the proportion of the mutant mtDNA, we constructed plasmids containing wild or mutant DNA using a TOPO TA cloning kit according to the manufacturer's instructions. A mixture-template standard curve was used to revise the percentage of mutant mtDNA. We performed total mtDNA sequencing for selected cases, such as those with diffuse COX deficiency in their muscle biopsy, by the method previously described (Akanuma et al. 2000) .
We obtained informed consent for muscle pathology and genetic analysis from all patients, and in the case of minors, their parents, using the form approved by the IRB of our institute.
Results
Of the 84 patients, 19 showed diffuse COX deficiency in their muscle biopsy, but their total sequences of mtDNA had no significant mutation (data not shown). These findings indicated that all these cases were caused by nuclear gene mutations such as SURF-1 or others (Zhu et al. 1998; Tiranti et al. 1998 ). Of the remaining 65 patients, point mutation in mtDNA was detected in 19.
Six patients had the G13513A mutation (Fig. 1) . The same number of patients had the 8993 mutation (four with T-to-G and two with T-to-C mutations). The T9176C, C11777A, and A8344G mutations were found in four, two, and one patients (Makino et al. 2000; Komaki et al. 2003) . All patients with the G13513A mutation had neither other mutation at np3243, 8344, 8993, or 9176 nor deletion. None of the 150 healthy Japanese controls or 120 patients with the A3243G mutation harbored the G13513A mutation.
Clinical features and laboratory data of the six patients with G13513A mutation are summarized in 1. The onset of neurological symptoms other than developmental delay varied from 9 months to 5 years (mean±SD; 28.8±21.1 months). In comparison, onset for patients with the 8993 mutation was 4.6±4.6 months. Ptosis was present in five out of the six patients. It should also be noted that five patients had cardiac conduction abnormalities, especially Wolff-ParkinsonWhite (WPW) syndrome (three patients).
In muscle pathology, there were nonspecific myopathic changes, while one patient (patient 1) had an equivocal SSV ( Table 2 ). The mean percentage of mutant mtDNA in muscles was 59±10% (range 42-70%). No clear correlation was found between the percentage of mutant mtDNA and onset or severity of the disease. The activities of the mitochondrial respiratory chain enzyme were within normal limits in all four patients examined.
Discussion
The G13513A mutation was first reported in patients with MELAS (Santorelli et al. 1997) . Its pathogenicity has been confirmed with several lines of evidence as follows: The mutant was detected in heteroplasmic fashion in patients, resulted in amino acid substitution at a highly conserved position in the ND5 subunit, and was absent in healthy controls (Santorelli et al. 1997; Pulkes et al. 1999) . Single-fiber polymerase chain reaction studies demonstrated a significantly higher amount of mutant mtDNA in RRFs compared with non-RRFs (Pulkes et al. 1999) . Furthermore, Corona et al. (2001) reported two MELAS patients with a 13514 A fi G mutation, which hits the same codon affected by the G13513A mutation. The report suggested that the amino acid position of this codon was crucial for the function of complex I. In mouse mitochondria, respiration was tightly controlled by the NADH dehydrogenase ND5 subunit gene (Bai et al. 2000) . Therefore, ND5 might also play an important role in human mitochondria. Some recent reports have suggested the validity of this theory (Kirby et al. 2000; Taylor et al. 2002; Liolitsa et al. 2003; Crimi et al. 2003) .
The lesions of LS affect brainstem and medulla oblongata, particularly midbrain and pons, and most commonly the tegmentum, the periaqueductal gray, and the posterior colliculi. Other lesions are found in the Fig. 1 Restriction fragment length polymorphism analysis of the G13513A mutation. The PCR products after digestion with MboI were electrophoresed on a 4% agarose gel. The amplified 170-bp fragment was cleaved into two fragments 144 bp and 26 bp in size (the 26-bp fragment is not shown here). W 100% wild type, M 100% mutant, P1$P6 patients' muscles 
basal ganglia, spinal cord, cerebellum, and cerebral cortex (Leigh 1951; Pincus 1972; van Erven et al. 1987) . Chol et al. (2003) reported that three patients with the G13513A mutation exhibited a selective brainstem involvement in whom they referred to Leigh-like syndrome. We think it unnecessary to use the term Leighlike because the brainstem lesion is essential for LS. A recent report also used Leigh disease for three patients with this mutation, two of whom had no radiological involvement of basal ganglia (Kirby et al. 2003) . Three of our six patients with the G13513A mutation showed involvement of both brainstem and basal ganglia, and the remaining three showed a selective brainstem involvement.
In this study, we found the G13513A mutation and confirmed its relatively high incidence (approximately 7%) in LS patients. However, the frequency was not as high as that of Chol's report (2003) . This mutation was found in the same number of patients as was 8993 in this study, but it seems to be the second most common mtDNA mutation in LS because the 8993 mutation has been reported to account for as many as 15-24% of cases (Santorelli et al. 1993; Rahman et al. 1996) .
We also found that onset in patients with this mutation was delayed compared with the typical infantile form, or 8993 mutation. Moreover, the clinical signs were characteristic because ptosis and cardiac conduction abnormalities were frequently seen (83%). Although these symptoms could often be recognized in Kearns-Sayre syndrome (KSS), our patients did not have apparent ophthalmoplegia, retinitis pigmentosa, or mtDNA deletion. Interestingly, three patients had WPW syndrome. There are few reports on the association between WPW syndrome and mtDNA mutation. In an examination of the surgical resected accessory atrioventricular pathway in a patient with WPW syndrome, highly abnormal cardiomyocytes with abnormal mitochondria were characterized (Peters et al. 1994) . Further study on cardiac tissue specimens, especially the conduction system, using a combined method of morphology, histochemistry, and molecular genetics, is necessary to explain the association between this mutation and cardiac conduction abnormalities.
Contrary to the previous reports (Santorelli et al. 1997; Pulkes et al. 1999; Chol et al. 2003) , our patients had no significant respiratory enzyme deficiency in their muscle biopsies; instead, they were affected with LS. One reason for this might be that relatively low heteroplasmy in muscles could not induce an enzyme deficiency in our patients. In mice experiments, it has been shown that tissue with mtDNA abnormality can show normal enzyme activity until the mtDNA abnormality accumulates to a critical level (Nakada et al. 2001) . A severely damaged region may have more mutant mtDNA and hence profound enzyme deficiency. Very recently, Kirby et al. (2003) reported that mutant loads of approximately 50% or less induced the defect in complex I amount and activity in skeletal muscle, liver, and fibroblasts. We could not detect apparent enzyme deficiency in the skeletal muscles with the mutant proportion from 42 to 64%. Factors other than the average mutant load should be considered, such as uneven distribution of the individual cells with different mutant load resulting in normal enzyme activity.
It remains unclear how the 13513 mutation may be a cause of both MELAS and LS. Our preliminary results suggested that RRF and/or SSV were present in almost all MELAS patients with this mutation, but they were absent in the LS patients in this study (data not shown). We could not attribute variability of this phenotype solely to the proportion of mutant mtDNA; there must be other factors relating to cell or tissue specificity. Alternatively, we should suppose a possibility that our patients will show the symptoms compatible to MELAS or KSS later in life.
In conclusion, this mutation should be considered as possibly existing in LS patients. Understanding this mutation would provide us more insight into the complex genotype-phenotype relationships in mitochondrial diseases.
